Abstract-In this letter, we investigate the effects of antenna switching on band-limited spatial modulation (SM), where the employment of an SM-specific practical time-limited shaping filter is taken into account. More specifically, we evaluate the SM scheme's performance penalty imposed on a bandwidth efficiency, which arises due to the time-limited pulse transmissions. Furthermore, to combat this limitation while maintaining lower RF chains than transmit antenna elements, we propose a multiple-RF antenna switching operation that allows us to exploit a longer pulse shape than that enabled by a single-RF SM scheme. It is demonstrated in our simulations that upon increasing the number of transmit antenna elements, the SM scheme is capable of outperforming the classic MIMO systems, under the assumptions of a low number of RF chains and realistic pulse shaping.
I. INTRODUCTION
T O COMBAT the classic multiple-input multiple-output (MIMO) limitation imposed by the requirement of multiple-RF branches at the transmitter, a number of low-cost MIMO schemes, which are capable of operating with the aid of a single-RF multiple-antenna transmitter structure, have been developed [1] , [2] . More specifically, most of the single-RF MIMO concepts are based on activating one out of multiple antenna states, such as antenna elements (AEs) and antenna patterns, where the activated antenna-state index conveys the additional information, further to the classic symbol modulation. For example, the spatial modulation (SM) scheme [2] is the recent popular single-RF MIMO technique that activates a single AE per symbol interval to map additional bits onto a symbol. Typically, it is assumed in these SM/space-shift keying (SSK) schemes that the electrical connection established between a single RF branch and an activated AE is switched quickly, i.e., in a symbol-by-symbol manner.
The fundamental advantages of the SM scheme over the classic MIMO systems are two-hold [2] , i.e., a low-cost single-RF transmitter structure and low-complexity inter-channel interference (ICI)-free detection. Such a single-RF operation exhibits a high scalability in the number of transmit antennas, Manuscript and is hence especially beneficial for use in the recent largescale MIMO systems [3] . 1 However, to attain the exclusive benefits of the abovementioned SM scheme over the classic MIMOs, the effects of a pulse shaping filter employed in the SM scheme are key. For example, when a root raised cosine (RRC) filter is employed for efficiently limiting the bandwidth, the associated pulse shape in the time domain becomes longer than the symbol interval which is defined by the Nyquist criterion. Hence, the SM scheme's time-limited pulse corresponds to the bandwidth expansion, given a specific symbol interval. This implies that the effects of pulse shaping must be carefully taken into account when comparing the error-rate and bandwidth-efficiency performance of the SM and the classic MIMO schemes. However, to the best of our knowledge, most of the previous SM studies simply assumed for the use of the same shaping filter as those used by the classic full-RF MIMOs. The only exception is [5] , where an efficient time-limited shaping filter was designed for a single-RF SM arrangement and its penalty imposed on bandwidth efficiency was shown in a numerical manner. However, the SM scheme's performance comparisons with the classic spatialmultiplexing MIMO scheme were not provided, hence the SM scheme's advantageous region has not been clarified.
Against this background, the novel contributions of this letter are as follows. We are the first to investigate the effects of antenna switching on the band-limited SM scheme, where the performance comparisons with the classic MIMO schemes are provided in a fair manner, i.e., fair from the perspective of bandwidth efficiency. In particular, we consider a realistic shaping pulse designed for the SM scheme, which is time-limited to double the duration of the symbol interval and demonstrate how many antennas would be needed to outperform the classic MIMO systems. Furthermore, to improve the number of degrees of freedom in the design of the shaping filter, we propose a novel multiple-RF SM transmitter structure, where the number of RF chains is higher than one and lower than the number of transmit antennas. This proposed SM transmitter allows us to strike a flexible balance between a reduced number of RF chains and the bandwidth efficiency, since the SM scheme's pulse duration is extended by the factor of the number of RF chains. Moreover, on the basis of the above-mentioned findings, we also conclude that the power efficiency of the SM scheme significantly depends on the type of amplifier employed.
II. SYSTEM MODEL

A. Conventional MIMO System
Consider the conventional spatial-multiplexing MIMO transmitter, which is equipped with N T AEs and the same number of RF chains including high-power amplifiers (HPAs). We assume that the structure of the receiver is identical to that of the transmitter and that it uses a matched filter to detect the received signals [6] .
Let
k denote the kth complex-valued baseband signal, which is assigned for the ith transmit antenna (i = 1, . . . , N T ). Here, information bits are mapped onto complex-valued symbols with the aid of M -ary phase-shift keying (PSK) or quadrature amplitude modulation (QAM) constellation. The modulated symbols are split into N T parallel data streams, which are pulse-shaped and then transmitted from the N T AEs. Thus, the resultant bandwidth efficiency is given by N T log 2 M bits/s/Hz if and only if the receiver also utilizes N T receiver antennas.
Furthermore, let g(t) be the pulse shaping function, having a symbol period T s defined by the Nyquist criterion. For simplicity of notation, we omit the antenna index in the following discussion. The band-limited signal s(t) at the time instance t is written as s(t)
Note that the average energy of the pulse-shaping filter g(t) is normalized to unity as follows:
Typically, the impulse response of a pulse shaping filter is truncated for a finite interval 2K, where K is the effective length of g(t) of the one-sided impulse response. Then, s(t) may be expressed as
Upon decreasing the truncate value K, the effects of the spectral regrowth become more severe, and this results in the loss of bandwidth efficiency.
B. System Model for Spatial Modulation
In the single-RF SM scheme shown in Fig. 1(a) , information bits are conveyed not only by signal constellations, but also by an antenna-switching operation. More specifically, log 2 M information bits are mapped onto an M -ary complex-valued symbol, while the spatial modulation block activates one out of N T antennas according to the additional log 2 N T information bits. Here, the modulated symbol is transmitted from the activated AE. Thus, the SM scheme's bandwidth efficiency is represented by (log 2 N T + log 2 M ) bits/s/Hz. Similar to the conventional spatial-multiplexing MIMO's signal (1), the SM scheme's band-limited signal s(t) at the time instance t is written as
Importantly, the SM scheme's antenna-switching process gives rise to a discontinuity in the band-limited signal s(t); one antenna becomes active at T s (k − 1/2) and may be turned off at T s (k + 1/2) to activate another transmit AE. When the pulse duration is longer than T s , the inherent truncation of the pulse-shaped signals causes obvious spectral regrowth, which results in in-band distortion as well as strong adjacent-channel interference. To avoid this impairment, we herein extend the Nyquist interval T s to T SM . This uses a time-limited pulse rather than a time-orthogonal one and guarantees that each pulse is isolated from each of the others. Considering that a single RF chain is available at the SM transmitter, T SM has to satisfy the following relationship:
Clearly, compared to the bandwidth efficiency achievable by the Nyquist criterion, the resultant bandwidth efficiency is decreased by the factor of 2K. Fig. 2(a) illustrates the bandlimited signal s(t) with T SM in the time domain, where we assume K = 3 and T s = 1.0. Note that each pulse is mutually isolated in the time domain so as to enable the SM transmission, while the transmission rate decreases by 1/2K. To compensate for this rate loss, the bandwidth has to be extended by the order of 2K in the single-RF SM scheme. In this letter, we focus our attention on the band-limited system, which allows us to compare the proposed scheme with other classic MIMO schemes in a fair manner.
C. Improved SM Transmitter Aided by Multiple RF Chains
To mitigate the inherent bandwidth-efficiency loss raised in the previous section, in this section we propose the use of multiple RF chains. Specifically, multiple RF chains are used to transmit the side-lobes of band-limited pulses, as illustrated in Fig. 1(b) . Note that if the shaping filter does not satisfy the first Nyquist criterion, it causes inter-symbol interference (ISI) at the receiver; this is not clearly indicated in the literature [5] , [7] . Thus, let us assume that the pulse shaping function obeys the first Nyquist criterion. Then the employment of D > 1 multiple RF chains enables us to shorten the SM scheme's symbol interval of (3). More specifically, the ISI-free symbol interval of the SM scheme employing D RF chains may be expressed as Note that there may be another concern regarding the power amplifier (PA) efficiency in the SM scheme. Regardless of the number of amplifiers D, the SM scheme's band-limited signal per amplifier is always single, as shown in Fig. 2 . Hence, the energy input to the amplifier is sparse in the time domain. It is worth noting that the transmission of isolated pulses incurs a significantly low PA efficiency, when using an efficient linear PA (such as class-A and class-AB amplifiers, which are popular in wireless systems). To this end, the use of a Doherty amplifier may be a potential solution for enhancing a PA efficiency of the SM scheme. However, a detailed analysis of this is beyond the scope of this letter and is left for the future investigation. 3 
III. RATE ANALYSIS
In the analysis of this letter, we only consider an RRC pulse that has a roll-off factor α, while the analysis can be easily extended to other arbitrary filters. The closed-form timedomain impulse response of the RRC filter is given by
A. Bandwidth Efficiency
The bandwidth of the RRC pulse is given by W c = (1 + α)/ T s [6] . Thus, the total bandwidth efficiency of the conventional spatial-multiplexing MIMO system presented in Section II-A is written as
Similar to the spatial-multiplexing MIMO system, the bandwidth of each pulse in the SM system is given by W SM = (1 + α)/T S . Considering the expansion of the Nyquist interval represented by (4), the SM scheme's total bandwidth efficiency is calculated by
Note that given the fixed number of transmit antennas N T and the truncate parameter K, the maximum bandwidth efficiency is obtained by D = 2K.
B. Design Guidelines for Spatial Modulation
Based on the bandwidth efficiencies of spatial multiplexing and the SM scheme, i.e., (6) and (7), the following is the necessary condition that the SM scheme is advantageous over the spatial-multiplexing MIMO system:
From (8), upon increasing the tail of the pulse shaping function (represented by the value K), the SM scheme's symbol interval T SM becomes longer, and this reduces the bandwidth efficiency. To compensate for the relative loss when we use the SM scheme instead of spatial multiplexing, a higher number of transmit antennas is required, since the number of RF chains does not provide any contribution. Furthermore, it is also shown in (8) that the SM scheme tends to have an advantage over the spatial-multiplexing scheme when the constellation size M is low. 6 The above guidelines for the SM scheme were aimed at maximizing the bandwidth efficiency. However, another explicit benefit of the SM scheme is the availability of low-complexity detection [8] .
IV. NUMERICAL RESULTS
In this section, we evaluate the effects of the RRC filter's parameters on the frequency-response characteristics. We considered an RRC pulse with a roll-off factor α = 0.4, where the truncate parameter was K = 1, 3, and 6. Also, we The frequency responses of the RRC pulses are shown in Fig. 3 . It was found that when the RRC pulse-shaped signal was truncated with the aid of a low-K value (e.g., K = 1), there was high spectral regrowth. In contrast, the low-K value alleviated the bandwidth efficiency loss of the SM scheme as indicated by (3) . Note that as predicted by (8), upon increasing the K value, the number of transmit antennas required for the SM scheme becomes significantly high due to the expansion of the SM scheme's time-limited symbol interval. For example, when considering the truncate parameter K = 6, the number of transmit antennas is higher than M 11 . Therefore, in the SM scheme, the design of pulse shaping filter is remarkably important. In the remainder of this letter, the truncate parameter will be set to K = 3 for both the spatial multiplexing and SM schemes.
Finally, Fig. 4 shows the bandwidth efficiency of the spatial multiplexing and SM schemes, where each curve was drawn based on (6) and (7) . Furthermore, the number of transmit antennas N T and the number of RF chains D were varied. The roll-off factor of the RRC pulse was α = 0.4, while setting T s = 1.0. In Fig. 4(a) and (b) we show the results when the constellation sizes were M = 2 and 4, respectively. Observe in Fig. 4 that for a given number of RF chains D, the bandwidth efficiency of the SM scheme monotonically increased upon increasing the number of transmit antennas N T , while that of the spatial multiplexing scheme remained constant regardless of the number of transmit antennas. Specifically, it can be seen in Fig. 4(a) and (b) that N T > 32 and N T > 1024 transmit antennas enables the SM scheme to outperform the spatial multiplexing counterpart in terms of bandwidth efficiency for the values of M = 2 and M = 4, respectively.
V. CONCLUSION
In this letter, we have determined the region in which the SM is advantageous in terms of bandwidth efficiency. We conclude that the design of the pulse shaping function is very important, since a single-RF SM transmitter has to rely on an isolated timelimited pulse. 
